Introduction: Early diagnosis of and subsequent monitoring of therapy for rheumatoid arthritis (RA) could benefit from detection of (sub)clinical synovitis. Imaging of (sub)clinical arthritis by targeting the translocator protein (TSPO) on activated macrophages is feasible using (R)-[
Introduction
Macrophages play a central role in the pathogenesis of rheumatoid arthritis (RA) by driving synovial inflammation and subsequent tissue destruction [1] . Macrophages infiltrate the synovium early in the course of the disease with both number and level of macrophage activation correlating with clinical disease activity [2] . Visualization of synovial macrophages using specific positron emission tomography (PET) tracers could, therefore, offer the possibility of both early diagnosis [3] and sensitive monitoring of disease [4] .
The translocator protein (TSPO, formerly known as the peripheral benzodiazepine receptor) is primarily localized in the outer mitochondrial membrane, where it has a function in cholesterol transport as a rate-limiting step in steroid biosynthesis [5] . Increased TSPO expression has been associated with an activated state of macrophages and microglia [6] , based on which TSPO has been recognized as a biomarker for inflammatory diseases [7] .
The prototypical radioligand for PET imaging of the TSPO is (R)-[ PET is promising, considerable background uptake of the tracer in peri-articular tissues (in particular bone/bone marrow) may hamper detection of subtle changes in macrophage infiltration and inflammation [3, 9] .
Previous (R)-[
11 C]PK11195 studies in neuroinflammation have shown a relatively low specific-to-nonspecific ratio, possibly due to its high lipophilicity and low bioavailability [10] . This has initiated research in developing next generation TSPO tracers that exhibit higher binding affinities and better specific-to-nonspecific binding ratios than (R)- [ 11 C]PK11195 [11] . Two candidate compounds that meet this profile include [12] [13] [14] .
The potential of the DPA tracers for PET imaging of RA has not yet been reported. Therefore, the aim of this study was to evaluate [ 11 
In vitro binding competition assay
In vitro TSPO binding competition assays were performed using the human monocytic-macrophage cell line THP-1, which expresses high TSPO levels [16] and freshly isolated human monocytes. THP-1 cells were grown in RPMI-1640 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine and 100 μg/mL penicillin/streptomycin. Cells were harvested in the mid-log phase of growth and washed twice in ice-cold Hepes-buffered saline solution (pH 7.4) supplemented with 0.1% (w/v) BSA and finally resuspended in this buffer to a density of 1 × 10 6 cells/mL. 
Induction of knee arthritis
Antigen-induced arthritis was elicited as described previously, but with some adaptations for optimal PET imaging of arthritis [17] [18] [19] [20] . Subcutaneous immunization was performed at days 0 and 7 with 200 μL of a solution containing 50 mg mBSA (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands) dissolved in 1 mL 0.9% NaCl and emulsified in 1 mL complete Freund's adjuvant (Sigma-Aldrich, Steinheim, Germany) and 1 mL (10 11 particles) custom Bordetella pertussis antigen (Becton Dickinson, Breda, The Netherlands). Induction of monoarthritis was achieved at day 20 by an intra-articular injection in the right knee with 60 μL of a solution of 10 mg mBSA in 1 mL 0.9% NaCl. At day 27, PET scans were performed, after which rats were sacrificed immediately for analysis of ex vivo tissue distribution of the tracers.
Histopathology and immunohistochemistry
Both knees were dissected in toto and fixed (10% paraformaldehyde, 2% sucrose/phosphate buffered saline, pH 7.3) for seven days at 4°C. Bone tissue of the knees was decalcified for approximately seven weeks at 4°C in a solution with 123 mM sodium ethylenediaminetetraacetic acid (Na 2 -EDTA.2H 2 O, Merck, Darmstadt, Germany) (pH 7.2) and 113 nM NaOH (Sigma-Aldrich Chemie BV). The decalcification solution was regularly refreshed. After decalcification, knees were rinsed and processed for paraffin embedding. Sagittal sections (5 μm) from the center of the joint were used for immunohistochemical staining for the TSPO receptor using the rabbit anti-TSPO polyclonal antibody NP115 (kindly provided by Prof. Higuchi, National Institute of Radiological Sciences, Chiba, Japan) [21] . The immunohistochemical procedure was performed as follows: sections were deparaffinized and autoclaved for five minutes at 121°C in 0.01 M citrate buffer (pH 6.0) for antigen retrieval. This was followed by incubation with 0.3% H 2 O 2 in methanol for 30 minutes at room temperature and overnight incubation at 4°C with 1:1,500 diluted NP155. Sections were washed extensively with a buffer containing 0.1 M Tris-HCl (pH 7.5), 0.15 M NaCl and 0.05% Tween20 before incubation with the secondary antibody (swine anti-rabbit, (DAKO, Glostrup, Denmark) E0353, 1:300 diluted) for 30 minutes at room temperature. Finally, the Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA) was used according to the manufacturer's instructions. Peroxidase activity was detected using a solution of 3.3′-diaminobenzidine tetrahydrochloride containing 0.01% H 2 O 2 . Subsequently, sections were counterstained with hematoxylin, dehydrated and mounted. Negative controls were included by replacement of the primary antibody with 1% BSA/PBS. A Leica 4000B microscope and Leica digital camera DC500 (Microsystems B.V., Rijswijk, The Netherlands) were used to capture images.
PET scanning protocol
Scanning was performed using a LSO/LYSO double layer ECAT High Resolution Research Tomograph (HRRT, CTI/ Siemens, Knoxville, TN, USA): a small animal and human brain three-dimensional scanner with high spatial resolution (2.3 to 3.4 mm full width at half maximum) and high sensitivity [22] . Rats were anesthetized (approximately 2% isofluran with an oxygen flow of 0.6 to 0.8 L/min) before positioning in the HRRT. A static transmission scan (six minutes) using a rotating 740 MBq 
PET image analysis
PET images were analyzed using AMIDE software (Amide's a Medical Image Data Examiner, version 0.9.2) [23] . Fixed size ellipsoidal shaped regions of interest (ROI) (dimensions: 6.0 × 17.7 × 7.4 mm 3 ) were manually drawn over the area of the left and right knees in the last frame of the image. ROIs were projected onto the dynamic image sequence, and time-activity curve (TAC) data were extracted. TACs were expressed as standardized uptake values (SUV): mean ROI radioactivity concentration normalized for injected dose and body weight. Uptake of (R)- 
Ex vivo tissue distribution studies
Immediately after each scan, that is, 60 minutes after intravenous injection of (R)-
18 F]DPA-714, heart puncture of anesthetized rats was performed to collect blood samples. Next, rats were sacrificed by cervical dislocation, which was followed by excision and weighing of both knees (in toto), bone obtained from the right hind leg and tissue from various internal organs. Radioactivity present in blood and tissues (in percentage injected dose per gram of tissue: % ID/g) was determined using an LKB 1282 Compugamma CS gamma counter (LKB Wallac, Turku, Finland).
In vivo blocking of TSPO binding
Tracer binding was investigated to verify that binding to the inflamed synovium was mediated through TSPO. To this end, blocking studies were performed in arthritic rats by pre-administration of 5 mg/kg unlabelled PK11195 (Sigma Aldrich Chemie BV) five minutes prior to the injection of [ 
Statistical analysis
Statistical tests were performed using IBM SPSS Statistics 20 (IBM, Armonk, NY, USA). A Wilcoxon signed rank (exact) test was used to determine differences in paired observations, for example, uptake of (R)-[ 
Results
In vitro TSPO competition assay Figure 1A ). Comparable results with the same ranking were observed in freshly isolated human CD14 + monocytes ( Figure 1B) . Thus, DPA-714 and DPA-713 showed higher relative binding compared with that of PK11195.
Presence of synovial TSPO-positive cells in arthritic knees
Intra-articular injection of mBSA in the right knees of immunized rats provoked development of arthritis which was characterized by an influx of TSPO-positive cells in the synovium as shown by immunohistochemical staining ( Figure 2B ). Based on cell morphology, TSPO-positive cells were largely recognized as macrophages and neutrophils. In contrast, in the contralateral control knee only limited numbers of TSPO-positive cells were present ( Figure 2C ).
PET studies
All three TSPO tracers clearly accumulated in arthritic knees ( Figure 3A-C) . Mean absolute uptake (in SUV) of [ Figure S2 ) [24] .
Ex vivo tissue distribution and blocking studies In previous studies in RA patients, background uptake of (R)-[ 11 C]PK11195 in peri-articular bone/bone marrow was shown, which potentially hampered the evaluation of subtle joint uptake [3] . Therefore, we examined bone uptake of [ 
Discussion
In this study, the potential of the two high affinity TSPO PET tracers [ activated macrophages in arthritis was evaluated using an mBSA-induced rat model of RA.
In vitro binding competition studies confirmed high (relative) binding of both [ Previous studies have shown higher binding affinities of DPA-713 and DPA-714 to TSPO than PK11195 using rat kidney membrane binding assays [13] . In the present study, TSPO binding of DPA-713 and DPA-714 was compared with that of PK11195 using competition binding studies with [ C]PK11195, which would facilitate better detection of mild inflammation [25, 26] . For imaging of RA, uptake of the tracer in the inflamed synovium in relation to uptake in surrounding bone and bone marrow is the most important parameter, as the latter may mask subtle uptake in the synovium and can prohibit its precise quantification. In fact, Kam et al. [27] showed TSPO expression in rodent bone tissue. In addition, dosimetry studies of (R)-[ [28, 29] . Therefore, prevention of uptake of TSPO tracers in peri-articular bone of joints affected by RA does not seem to be feasible. Nevertheless, in the present study, both [ The mBSA-induced rat arthritis model is a widely used model of RA because of its resemblance to human RA pathology at the joint level [17, 19, 20] . Immunohistochemical studies demonstrated the presence of abundant numbers of TSPO-positive macrophages and neutrophils in the arthritic knee joint. This indicated that TSPO radioligands do not solely target macrophages, but rather the mixed cellular influx in the arthritic knee, reminiscent of human RA.
Unfortunately, the small size of the (arthritic) rat knee joint and small volume of (inflamed) synovium hampers exact determination of tracer uptake in synovial tissue. For this reason, analysis of tracer uptake in PET scans was performed by manually drawing ROIs on top of the whole knee region, because a ROI covering only synovial tissue was not feasible due to insufficient spatial resolution. For determination of ex vivo tissue distribution, radioactivity present in the knee joint as a whole, including not only synovium but also peri-articular tissues, was measured. Consequently, both absolute tracer uptake in synovium and arthritic kneeto-bone ratios may have been underestimated.
Finally, for future clinical [ [30, 31] . Therefore, knowledge of patient binding status will be essential for correct quantification of TSPO expression in arthritic joints with PET.
Conclusions
The two new generation TSPO ligands DPA-713 and DPA-714 showed significantly higher relative binding to TSPO compared to the established TSPO ligand PK11195 in in vitro studies. In vivo, [ 
